Neurological diseases and trauma often cause demyelination, resulting in the disruption of axonal function and integrity. Endogenous remyelination promotes recovery, but the process is not well understood because no method exists to definitively distinguish regenerated from preexisting myelin. To date, remyelinated segments have been defined as anything abnormally short and thin, without empirical data to corroborate these morphological assumptions. To definitively identify regenerated myelin, we used a transgenic mouse with an inducible membrane-bound reporter and targeted Cre recombinase expression to a subset of glial progenitor cells after spinal cord injury, yielding remarkably clear visualization of spontaneously regenerated myelin in vivo. Early after injury, the mean length of sheaths regenerated by Schwann cells and oligodendrocytes (OLs) was significantly shorter than control, uninjured myelin, confirming past assumptions. However, OL-regenerated sheaths elongated progressively over 6 mo to approach control values. Moreover, OL-regenerated myelin thickness was not significantly different from control myelin at most time points after injury. Thus, many newly formed OL sheaths were neither thinner nor shorter than control myelin, vitiating accepted dogmas of what constitutes regenerated myelin. We conclude that remyelination, once thought to be static, is dynamic and elongates independently of axonal growth, in contrast to stretch-based mechanisms proposed in development. Further, without clear identification, past assessments have underestimated the extent and quality of regenerated myelin.
regeneration | plasticity | internode N ervous system disorders including traumatic injury, stroke, and neurodegenerative diseases such as multiple sclerosis induce loss of myelin and myelinating cells, interrupting signal conduction and depriving axons of trophic support essential for survival (1) (2) (3) (4) . Postmitotic oligodendrocytes (OLs) do not readily participate in remyelination (5, 6) . Instead, glial progenitors, distinguished by expression of the α-receptor for PDGF and the chondroitin sulfate proteoglycan neural/glial antigen 2 (NG2) proliferate following demyelination and differentiate into remyelinating cells within a few weeks (7) (8) (9) (10) . Regeneration of myelin membranes restores saltatory conduction and supports axonal integrity, leading to partial recovery of function (3, 4, 11, 12) . However, remyelination can fail during disease progression, and limited or abnormal myelin regeneration is thought to underlie chronic conduction deficits following trauma (11, 13, 14) . Enhancing or substituting endogenous remyelination via pharmacological intervention or stem/progenitor cell transplantation has been a major, but unrealized, focus of clinical therapy development for decades (15) (16) (17) .
There is much we do not understand about spontaneous remyelination, including the rate of OL regeneration, whether remyelinating cells select specific phenotypes or morphotypes of axons to ensheathe, and whether the initial number, thickness, or length of myelin internodes are dynamic. This is partly because no methods exist to definitively discriminate spontaneously regenerating myelin membranes from spared or degenerating sheaths. There are also no known molecular markers for regenerating myelin. Much of our understanding of myelin replacement is instead derived from interpretation of small-field EM or quantification of indirect histological markers (14, (18) (19) (20) (21) . Groundbreaking EM studies in the 1960s and 1970s confirmed the phenomenon of central remyelination, revealing thin, loosely wrapped sheaths that resembled immature myelin (18) as well as abnormally short myelin internodes (20) a few weeks after demyelination. Since that time, abnormally thin or short sheaths have been presumed to represent regenerated myelin. Investigators still commonly use these morphological characteristics alone to identify and study remyelination (11, 19, 20, 22) .
This approach has likely limited understanding of the endogenous regeneration process. Measuring sheath length or thickness does not empirically determine whether a myelin sheath is new, degenerating, or preserved. Inappropriately thin and shortened myelin segments also result from partial demyelination of developmentally generated sheaths (23) (24) (25) . Furthermore, it has long been suspected that internodes with normal proportions could be formed by remyelinating cells (19) . If regenerated sheaths were able to thicken or elongate over time, for example, they would be morphologically indistinguishable from normal myelin. In short, we cannot be sure that all abnormally thin or short myelin is regenerated, nor that all sheaths with normal dimensions are a product of development rather than regeneration. Myelin sheath dimensions affect signal conduction speed considerably, and sluggish conduction following insult has been attributed in part to irregular remyelination (11, 12, (26) (27) (28) (29) . A better comprehension of these fundamentals is essential in guiding a new understanding of spontaneous myelin regeneration and therapeutic approaches to demyelinating disorders.
To follow the evolution and maturation of regenerating myelin membranes, we used a model of spinal cord contusion injury known to cause significant partial demyelination of spared axons followed by spontaneous remyelination (28) . We targeted reporter expression to the membranes of proliferating NG2 + glial progenitors via postinjury retrovirus injections in a mouse strain that ubiquitously expresses membrane-bound GFP following Cre recombination (30) . Our findings revealed dynamic remodeling of myelin internodes over time and challenge several morphological dogmas in regard to how regenerated myelin forms.
Results

Cre-Mediated Recombination Is Evident in Premyelinating Glial
Progenitors Acutely After Injury. To generate a reporter system for remyelination, three essential elements were combined (Fig. S1 ). (i) Remyelinating cells were specifically targeted by a combination of the NG2 promoter (31) and a retrovirus that integrates DNA into the host genome only during mitosis (32) . We chose the NG2 promoter because it is expressed by resident glial progenitors that can produce OLs and Schwann cells (SCs) after injury as well as by infiltrating peripheral SCs that participate in central remyelination This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: phorner@uw.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1210293110/-/DCSupplemental. (10, (33) (34) (35) . The promoter and its efficient targeting of NG2 + glial progenitors has been fully characterized previously (31) . (ii) We tracked the remyelination process over a long postinjury period by using the Cre-loxp system to induce stable reporter gene expression. (iii) Clear visualization of myelin membranes was accomplished by using a membrane-targeted reporter, as most cytoplasm is extruded from compact myelin (36) . We used a mouse strain that ubiquitously expresses membrane-targeted tandem dimer Tomato (mT) but switches to membrane-targeted GFP (mG) following Cremediated recombination (30) . We injected virus into spinal cords of reporter mice 6 d after moderate thoracic contusion injury, when many NG2
+ progenitors that go on to remyelinate are thought to proliferate (15, 34) .
To ensure that virus targeted proliferating glial progenitor cells rather than spared, postmitotic OLs, we examined spinal cord sections of contused mice for mG expression 5 d post virus (DPV) injection. At this time point, recombination in infected cells should have induced a switch from mT to mG expression (30) , but myelin regeneration was unlikely to have begun (18) . We therefore expected to find mG + cells, but not mG + myelin sheaths. Numerous perilesional mG + /mT − cells were observed at 5 DPV (Fig. 1A) . Some mG + cells were highly NG2-immunopositive and exhibited characteristic OL progenitor cell morphology (Fig. 1B) . As expected, no mG + myelin was observed at 5 DPV. To further establish that mG + populations were not composed of postmitotic cells and eliminate the possibility that preexisting myelin was labeled, animals received a single i.p. injection of the mitotic marker BrdU concurrent with virus injection. We found at 5 DPV that mG + cells were BrdU + , indicating that they had undergone division at the time of virus injections (Fig. 1C) .
We examined tissue sections at 14 DPV to determine whether cells labeled 6 d postinjury had commenced regeneration of myelin. mG + cells showed evidence of differentiation: they exhibited complex multiprocess morphologies and APC + cell bodies characteristic of premyelinating OLs (Fig. 1D ). However, no mG + myelin was visible at 14 DPV. Taken together, these results confirm that the virus infected dividing NG2-expressing glial progenitors, and not postmitotic, myelinating OLs. Furthermore, we confirm that regenerated myelin membranes take at least 2 wk to initially form (18) .
Regenerating Myelin Sheaths Are Evident 1 mo After Virus Injection.
To determine whether the reporter system targeted regenerating myelin membranes, we examined longitudinally sectioned spinal cords of injured mice killed at 1 mo post virus (MPV) injection, when remyelination was predicted to be well under way (18) . Sections contained OL-associated mG + sheaths (Fig. 2 ), which were hollow as expected ( Fig. 2D ) and filled with neurofilament (NF) + axons (Fig. 2F ). Sheaths exhibited contactin-associated protein 1 (CASPR1) + paranodes at each end, indicating a reconstituted nodal structure (Fig. 2F) . GFP signal within OLregenerated sheaths colocalized with the marker of compact myelin, myelin basic protein (MBP; Fig. 2E ). OL somata were remotely connected to multiple myelin sheaths by fine processes. The myelin reporter allowed us to map many of the mG + myelin sheaths to mG + cell bodies immunopositive for the OL marker APC (Fig. 2C ). Physical parameters (length and thickness) of mG + regenerated myelin were quantified by confocal microscopy ( Figs. 3 and 4) . Other mG + internodes exhibited an mG + soma with DAPI + nucleus juxtaposed to the exterior of each sheath ( By using confocal microscopy, we observed coincident but also nonoverlapping regions of mG and MBP indicating reporter labeling of noncompact and compact myelin. To determine whether reporter-labeled regenerated myelin was multilamellar and compact, we performed immuno-EM on tissue sections stained with an anti-GFP primary, followed by a secondary antibody conjugate made with quantum dot nanocrystals (Qdots; ∼4 × 10 nm in length) that fluoresce under UV light and are also visible by EM. We confirmed GFP/Qdot colocalization by confocal microscopy ( Fig. 2G ) and visualized Qdots of the appropriate size (4 × 10 nm) labeling compact, multilamellar myelin in injured mice at 3 MPV
Quantitative Characterization of Myelin Sheaths in Uninjured Controls.
To establish a baseline for our experiments in the injury model, we quantified the structural characteristics of normal myelin in uninjured reporter mice. Animals received a single thoracic microinjection of virus at postnatal day (P) 4 or P5, when many NG2 + progenitor cells undergo proliferation before differentiating into myelinating cells. Animals were killed as age-matched, uninjured adult controls. They exhibited mG + myelin sheaths bounded by CASPR1 + paranodes throughout the thoracic white matter (Fig.  3A) . We quantified myelin dimensions by using confocal microscopy. The mean internode length of developmentally generated myelin in thoracic segments 8 to 11 was 214 ± 97 μm, with a range of 28 to 495 μm (Fig. 3B ). Consistent with previous EM studies (20, 37) , sheath length and width were positively correlated (Fig. 3E) . We also determined g-ratio, the relationship of axonal diameter to total fiber diameter (including myelin), which is commonly used as a measure of myelin thickness. The g-ratios we obtained (mean, 0.77 ± 0.11) were consistent with previous EM studies in adult mouse spinal cord (38, 39) .
Reporter-Labeled SCs Selectively Ensheathe Large Axons, Accounting for One Third of Regenerated Sheaths at 1 MPV. We used confocal microscopy to quantify mG + myelin and ensheathed axonal parameters at 1 MPV (Fig. 3 B-E) . Regenerated sheaths were significantly shorter than average control sheaths by one-way ANOVA: average OL-regenerated sheath length was 38 ± 21 μm, only 18% of average uninjured length (range, 10-127 μm; P < 0.001), whereas mean SC sheath length was 92 ± 42 μm, 43% of normal (range, 36-220 μm; P < 0.001; Fig. 3B ). OL-regenerated sheaths were also significantly shorter than those of SCs (P < 0.001; Fig. 3B) .
Surprisingly, mean g-ratio was not significantly different between OL-regenerated sheaths (0.78 ± 0.10) and controls (0.77 ± 0.11; P > 0.05; Fig. 3C ). Previous reports have relied upon thin sheaths as a hallmark of regenerated myelin (14, 20, 22, 40) , but our data indicate that it can be surprisingly similar in thickness to normal myelin. In contrast, mean mG + SC g-ratio was significantly lower (0.70 ± 0.12; P < 0.05; Fig. 3C 
Strikingly, we found that SCs and OLs myelinated separate axonal populations at 1 MPV (Fig. 3D) . Regenerated OLs ensheathed predominantly small axons (97% were 0.5-2 μm in diameter), whereas SCs selectively ensheathed larger caliber axons (50% were >2 μm in diameter; only 5% were <1 μm thick, with a range of 0.90-0.96 μm). SCs are known to target axons with diameters of 1 μm or greater in the periphery and in central remyelination (19, 42) . However, our data further indicate that regenerated OLs predominantly avoid or are outcompeted for ensheathment of large axons early after injury, providing a first look at how remyelinating OLs also initially target axons based on caliber. Further, our data confirm a known positive correlation between sheath length and total fiber diameter in normal myelin (37) and demonstrate that it occurs in regenerated myelin, even within the population of extremely short mG + segments regenerated by OLs (Fig. 3E) . Last, 36% of mG + myelin was SC-generated, indicating substantial contribution of peripheral-like sheaths to central remyelination.
SC-Regenerated Myelin Thickens Substantially Over Time. To examine the maturation of regenerating SC myelin, we used confocal microscopy to quantify sheath and axonal dimensions at 1, 3, and 6 MPV. Mean length of SC remyelination did not change significantly between 1 and 6 MPV by one-way ANOVA (1 MPV, 92 ± 42 μm; 3 MPV, 100 ± 27 μm; 6 MPV, 89 ± 23 μm; P > 0.05). However, mean g-ratio decreased significantly at 3 and 6 MPV (0.55 ± 0.09 and 0.54 ± 0.07, respectively) compared with 1 MPV (0.70 ± 0.12; P < 0.001), indicating a substantial thickening of SC myelin over time (Fig. 5) , to a degree that is normal for peripheral but abnormally thick for central myelin (42) . SC sheaths also attained a complex morphology by 6 MPV, complete with the Schmidt-Lanterman incisures typical of peripheral myelin (Fig. 5C ). This morphological identifier reflects the significant advantage of using a membrane reporter for the purpose of studying myelin regeneration.
OL-Regenerated Myelin Ensheaths Larger-Caliber Axons over Time
and Elongates Independently of Axonal Growth. To track the evolution of OL-regenerated myelin, we examined mG + sheath dimensions and axonal parameters from 1 to 6 MPV. In contrast to 1 MPV, OL-regenerated myelin ensheathed small-and largecaliber axons at 3 and 6 MPV (Fig. 4 A and B) . The percentage of axons >2 μm in diameter ensheathed by regenerated OLs increased from 4% at 1 MPV to 22% and 20% at 3 and 6 MPV, respectively (Fig. 4B) .
Strikingly, the mean length of OL-regenerated myelin increased progressively between 1 and 6 MPV (1 MPV, 38 ± 21 μm; 3 MPV, 51 ± 29 μm; 6 MVP, 62 ± 24 μm; Fig. 4C ). The effect was particularly apparent on small-caliber axons (0.5-1 μm in diameter), where there was considerable overlap of control values with regenerated sheath lengths at 3 and 6 MPV (control, mean, 96 ± 54 μm; range, 28-204 μm; 1 MPV, mean, 32 ± 19 μm; range, 10-111 μm; 3 MPV, mean, 56 ± 30 μm; range, 13-194 μm; 6 MPV, mean, 72 ± 30 μm; range, 37-166 μm). Significant mG + sheath elongation was also apparent on medium caliber axons (1-2 μm diameter), but not on large (>2 μm) axons. Interestingly, the positive correlation between sheath length and axon diameter evident at 1 MPV was reversed by 6 MPV (1 MPV, Pearson r = 0.12; 6 MPV, Pearson r = −0.31). Our data indicate that, whereas OL remyelination on small-and medium-caliber axons elongates progressively, remyelination of the largest axons is initiated later and does not appear to lengthen significantly.
Perhaps myelin sheath refinement on axons with a large surface area takes longer than 6 mo or there could be a functional reason for them to remain short.
We also examined the thickness of regenerated OL myelin over time (Fig. 4D) . As we expected, mean g-ratio was significantly higher at 3 MVPI (0.82 ± 0.09), indicating thinner myelin compared with controls (0.75 ± 0.10; P < 0.001). It is important to note that confocal analysis of myelin thickness may not give exact myelin measurements as seen by high-contrast EM of myelin membranes. Nevertheless, despite the reliance on a correlative distribution of mGFP along compact myelin, we find remarkable consistencies with g-ratios we have reported with EM (28). We confirm our previous EM studies and find that the mean g-ratio (and therefore myelin thickness) was not significantly different between control and regenerated myelin at 1 MPV (0.78 ± 0.10; P > 0.05) or at 6 MPV (0.79 ± 0.09; P > 0.05). These g-ratio values may reflect a developmental-like evolution of remyelination: initial loose ensheathment by a few myelin lamina at 1 MPV, followed by compaction of the lamina by 3 MPV, and then gradual thickening of myelin (addition of membrane wraps) to reach average control levels by 6 MPV. Perhaps most striking is that, when g-ratios are binned by axonal size (<1 μm, 1-2 μm, <2 μm), there are no significant differences by one-way ANOVA between experimental groups and controls at any time point interrogated (Fig. 4D) .
Discussion
This study prospectively distinguishes between regenerating and preexisting myelin sheaths to quantify the time course and physical development of spontaneously regenerated myelin. Contrary to dogma, we find that remyelinated segments with abnormal proportions are transient, except on the largest surviving axons. Most eventually attain lengths and thicknesses within the normal range, indicating that endogenous remyelination is not typically anemic as was previously assumed. Furthermore, our data demonstrate that remyelination can elongate independently of axonal growth, in contrast to stretch-based mechanisms proposed in development (43, 44) . We conclude that the full extent of remyelination cannot be assessed by morphological criteria alone. Further mechanistic insights into the regenerative process will require empirical categorization of remyelinating membranes with the use of similar reporter strategies. Our data also establish an association between the subspecies of remyelinating cell and the caliber of axon it ensheathes. In parallel with normal peripheral myelination (45), SCs only remyelinated axons larger than 1 μm in diameter. OLs, however, specifically selected against or were outcompeted for large axons at early time points, in surprising contrast to normal development. OLs, which myelinate many axons simultaneously, could initially be limited in myelinating multiple large surface areas by membrane production rates or inadequate access to necessary metabolites, whereas SCs may be more suitable to the task because they generate only a single internode each (46) . Alternatively, an SC/OL fate choice could be induced in endogenous central progenitors by demyelinated axons of a particular size (10) . Recent studies demonstrate that the myelinating potential of OLs is actively regulated by axons (47) and that caliber-based selection of axons could be mediated via axoglial integrin signaling (48) . In either case, it is clear that SCs are capable and perhaps even essential for quick restoration of saltatory conduction and neuroprotection to large axons, at least in the first stages of recovery from trauma. Conversely, the inability of SCs to myelinate small axons makes OLs indispensable in central remyelination.
Confirming earlier reports (18, 20) , OL-regenerated myelin was initially very short compared with normal myelin. SCregenerated sheaths were longer and thicker than their OL counterparts, but still only approximately half as long as control sheaths. Whereas SC sheath length was static over time, OLregenerated sheaths elongated on small and medium-sized axons, remarkably reaching the normal range of intact, developmental controls. Furthermore, after 6 mo, we did not find extremely short myelin internodes of 20 μm or less, which were initially common. The temporal loss of short internodes indicates that some myelin was likely pruned over time, to make room for elongation of neighboring sheaths. Although we do not have direct evidence of this phenomenon, myelin plasticity must be occurring and warrants future exploration. Last, our data suggest a previously underappreciated level of plasticity not only in myelin membranes, but also in reconstituted nodal structures.
The most striking finding of this study is the low abundance of abnormally thin regenerated myelin, challenging a key assumption in the field. Previously, regenerated sheaths have been classified in pathological conditions as falling into a very high g-ratio range of 0.9 to 1.0 with thicknesses less than ∼20% of developmental myelin (14, 19, 22) . Many studies have reported a high prevalence of very thin myelin surrounding lesion zones even years after spinal cord injury (14, 22) . Given our observations, it is unlikely that a majority of long-standing, abnormally thin myelin in zones of pathologic conditions such as trauma, stroke, or disease is the result of incomplete myelin regeneration. It may instead be derived from preexisting myelin that is undergoing degeneration or refinement (23) (24) (25) . Our EM analysis indicates the myelin reporter labels compact myelin and could be used at this level to look at more accurate and detailed analysis of the myelin wrapping and g-ratios of small-caliber axons. In addition, a potential limitation of the reporter is the eventual exclusion of membrane label from compact structures as has been previously reported for myelin protein fusion reporters (49) . Nevertheless, the fidelity to examine regenerated myelin indices at light and EM levels makes this model system a potent new tool for observing many of the unanswered questions of the dynamic changes injured myelin may undergo over time.
In conclusion, these studies reveal that remyelination following central insult is a profoundly prolonged process of sheath refinement, leading us to reevaluate our conception of how myelin is regenerated. We demonstrate that, even in the setting of trauma, most regenerated myelin eventually attains remarkably similar physical characteristics to myelin formed during development. Now that we have a clearer understanding of the robust nature of remyelination and the capacity for sheath plasticity, we may also begin to design new studies to evaluate remyelination-directed therapies for spinal cord injury, stroke, and other demyelinating disorders.
Methods
SI Methods provides additional information on surgical procedures and methods.
Animals. A total of 24 Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo /J mice (Jackson Labs) were used in this study. All procedures were in accordance with a protocol approved by the Animal Care and Use Committee of the University of Washington.
Virus Production. A Phoenix-Moloney murine leukemia virus expression vector, pLNpCRESN, with Cre recombinase under the control of the NG2 promoter has previously been described and characterized (31) . To generate retrovirus, pLNpCRESN was cotransfected with the VSV-G envelope vector into Phoenix-GP Confocal Microscopy and Quantitative Analysis. Multichannel confocal z-series images were generated using a Nikon A1 Confocal System attached to a Ti-E inverted microscope platform. To quantify myelin and axonal dimensions, all mG + sheaths within six longitudinal sections containing the lesion from each animal were imaged (n = 2 each from ventral, central, and dorsal spinal cord). Quantification was performed by using NIS Elements software (Nikon). Sheath length was measured along NF + axons from one CASPR + paranode to the other. Sheath widths were measured in at least four locations in flattened z-stacks and averaged. Basal lamina, but not cell body, was included in SC sheath width measurements. SC sheaths were identified by the presence of an mG + soma with DAPI + nucleus hugging the exterior of the sheath. OL sheaths were identified by the presence of attached thin projections from a satellite mG + /DAPI + cell body. NF + axonal diameter was measured in at least two locations and averaged. Where NF antibody penetration was weak (typical within the internode in heavily myelinated regions), average width of both CASPR-labeled paranodes was taken as a measure of axonal diameter.
Immunoelectron Microscopy. Tissues were prepared as described previously (28) . Briefly, three injured mice were killed and perfused at 3 MPV with ice-cold 3% (wt/vol) paraformaldehyde/0.5% glutaraldehyde. All steps were performed on ice. Coronal sections of spinal cord 80 μm thick were made on a Vibratome. Sections were rinsed in PBS solution, blocked in 2% BSA in PBS solution, and incubated with rabbit anti-GFP (1:500; Millipore) in block for 2 h followed by goat anti-rabbit Qdot 605 (1:100; Invitrogen) for 1 h in block, and rinsed in PBS solution. Some sections were imaged immediately on a confocal microscope to confirm colocalization of GFP with Qdots. Sections were then dehydrated and processed for EM as previously. Ultrathin sections were imaged by using an JEM-1400 transmission electron microscope (JEOL) with a Gatan Ultrascan 1000XP camera.
Statistical Analysis. Statistical significance among groups was determined by one-way ANOVA with Bonferroni multiple comparison posttest for three or more groups or two-tailed, unpaired t test for two groups. Pearson correlations were used to determine the relationship between sheath length and axon or total fiber diameter. A CI of 95% and Prism software was used for all comparisons (GraphPad). Results in the text are reported ±SD.
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